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Abstract
We measured the eﬀects of coherent motion of one set of dots on the perceived location of Gaussian envelopes formed by lu-
minance modulation of a second set of dots. Perceived shifts in envelope location in the direction of coherent motion were obtained
even when the dots forming the envelopes did not physically move in the direction of coherent motion. In such cases, perceived shifts
coincided with stimulus conﬁgurations that permitted motion integration of the envelope dots with the coherently moving dots, for
example, when envelope dots moved in random directions as opposed to being static. In subsequent experiments we explored the
type of motion integration underlying the positional shifts obtained. We discounted the possibility that the visual system incorrectly
attributes motion signals associated with coherently moving dots to envelope dots by demonstrating that positional shifts could be
obtained even when the coherent dots were laterally displaced to either side of the envelope dots such that the regions occupied by
the dots did not overlap. We also discounted spatio-temporal summation within the receptive ﬁelds of low-spatial-frequency mo-
tion-sensitive mechanisms by demonstrating that positional shifts persisted even when the dot displays were high-pass ﬁltered. These
results, coupled with the observation that the proportion of coherently moving dots required to produce positional shifts correlated
well with global motion thresholds measured for the same dot conﬁgurations, suggests that visual processes which underlie motion-
dependent positional shifts are based at least in part on cooperative interactions of the type implicated in global motion.  2002
Elsevier Science Ltd. All rights reserved.
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1. Introduction
The temporal properties of summation, persistence,
and latency exhibited by the visual system (Barlow,
1958) do not translate into concomitant eﬀects on per-
ceived distortions of spatial extent and resolution of
moving stimuli (Burr, 1980). This suggests the involve-
ment of compensatory processes, a proposition that is
supported by various eﬀects of stimulus motion on per-
ceived stimulus location: (i) moving bars are perceptu-
ally displaced along their trajectories such that they
appear to lead non-moving ﬂanks that are presented
stroboscopically (Nijhawan, 1994); (ii) stationary win-
dows displaying local motion (e.g., stationary Gaussian
envelopes formed by contrast modulation of a moving
sinusoidal luminance carrier) appear shifted in the di-
rection of their local motion content (Anstis, 1989;
DeValois & DeValois, 1991); (iii) motion aftereﬀects
resulting from prolonged inspection to motion are ac-
companied by positional shifts in the direction of illu-
sory motion (Nishida & Johnston, 1999; Snowden,
1998).
Positional shifts associated with motion have been
attributed to temporal compensation processes such as
the extrapolation of position along the motion trajec-
tory (DeValois & DeValois, 1991; Nijhawan, 1994), and
the inhibition of persistence to achieve motion deblur-
ring (Burr, 1980). Alternative explanations have been
based on the existence of, for example, shorter laten-
cies for moving relative to stationary stimuli (Purusho-
thaman, Patel, Bedell, & Ogmen, 1998; Whitney,
Murakami, & Cavanagh, 2000), eccentricity-dependent
latencies in attentional processes (Baldo & Klein, 1995),
temporal delays in making spatial comparisons (Bren-
ner & Smeets, 2000), motion integration (averaging)
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occurring after the onset of ﬂashed stimuli (Eagleman &
Sejnowski, 2000), and a slow averaging of relative
stimulus position over time (Krekelberg & Lappe, 2000).
The aim of the present research was to determine
whether the underlying motion computations are limited
to features undergoing motion, or whether they gener-
alise to any feature forming the surface within which the
motion occurs. We measured the eﬀect of coherently
moving dots on the perceived locations of Gaussian
envelopes formed by luminance-modulated ‘envelope’
dots, where the envelope dots were either static or
moved in random directions. In the latter condition the
presence of all directions of motion ensured that no
motion bias would be introduced by the envelope dots
while at the same time producing conditions that have
been shown in previous research to be conducive to
global motion integration. Numerous experiments have
demonstrated that the addition of only a few coherently
moving dots can create the impression of unidirectional
global motion of randomly moving dots (Scase, Brad-
dick, & Raymond, 1996; Williams & Phillips, 1987;
Williams & Sekuler, 1984), and a neural substrate for
global motion processing has been found in primate
area MT (Newsome, Britten, & Movshon, 1989; New-
some & Pare, 1988).
To distinguish the eﬀects of motion integration from
those eﬀects simply due to motion of parts of the lu-
minance envelopes, we compared the magnitude of po-
sitional shifts when the luminance of coherently moving
dots was correlated or uncorrelated with that of the
luminance of the envelopes (in the former case coher-
ently moving dots were envelope-type dots; in the latter
case coherently moving dots were not envelope-type
dots), and also tested positional shifts when envelope
dots were static.
To pre-empt the results, we obtain eﬀects of coherent
motion on perceived envelope position that are depen-
dent on the motion properties of the envelope dots,
consistent with motion integration of envelope and co-
herently moving dots. With regards to the type of mo-
tion integration involved we discount the possibility that
the visual system incorrectly attributes the motion sig-
nals associated with coherently moving dots to envelope
dots by showing that positional shifts occur even when
the coherently moving dots are laterally displaced to
either side of the envelope dots, and we also dis-
count spatio-temporal summation within the receptive
ﬁelds of low-spatial-frequency motion-sensitive mecha-
nisms by showing that the positional shifts occur even
when the dot ﬁelds are high-pass ﬁltered. By measu-
ring the eﬀects of coherent dot motion on the per-
ceived global motion of all the dots together we provide
evidence that the underlying factor is the degree to
which envelope dots are perceived to coalesce, that is,
undergo global motion, with the coherently moving
dots.
2. General methods
2.1. Apparatus
Stimuli were presented on a 21’’ EIZO high-resolu-
tion monochrome monitor gamma corrected to 32,000
grey levels (from 0 to 55cdm2) via a VisionworksTM
calibration system. These stimuli were generated by a
Cambridge Research SystemsTM CRS2/3F board, which
was controlled by custom-written C-programs based on
VisionworksTM graphics routines.
2.2. Subjects
The two authors and three na€ıve observers partici-
pated in the experiments. All had normal or corrected-
to-normal visual acuity.
2.3. Stimuli
2.3.1. Envelope dots and coherently moving dots super-
imposed (Experiments 1 and 2)
Three vertically aligned 2:54 0:89 horizontal rect-
angular apertures of 0 cdm2, separated vertically by
0:21, each displayed 200 dots of 1:7 1:7 min dimen-
sions (at the viewing distance of 1.5 m). Trials consisted
of 20 discrete motion frames each of 38 ms duration.
For dots that moved, discrete steps of 3.33 min were
made per frame and each dot had a lifetime of two
frames. That is, for any given frame half the dots ap-
peared in a random location while the other half moved
a single step from their location in the previous frame.
In individual blocks a proportion of the dots were
made ‘envelope’ dots, that is, their luminance (between
14 and 55 cdm2) was selected from a Gaussian distri-
bution according to their horizontal location within the
rectangular aperture: LðxÞ ¼ ð0:75 expðx2=½2r2ÞÞþ
0:25, where r ¼ 16:6 min. In most experiments envelope
dots were either stationary (i.e., they remained in their
random starting locations for all 20 motion frames of a
particular trial), or moved in random directions (i.e.,
selected with equal probability from 360 of possible
directions). When moving, the luminance of these dots
was re-calculated for each frame according to their new
positions; that is, they did not bring their luminance
with them as they made their single motion step.
The remaining proportion of dots were made to co-
herently move to the left or right. These dots, which
were of the same dimensions as the envelope dots, had
their direction (for each pair of motion frames) ran-
domly selected from motion distributions of 0	 5
(right) or 180	 5 (left). In Experiment 1 coherently
moving dots also formed part of the luminance enve-
lope, in which case their luminance was determined on
the basis of their horizontal location within the rectan-
gular aperture according to the Gaussian function de-
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scribed above. In Experiment 2 the coherently moving
dots did not form part of the luminance envelope, in
which case their luminance was selected from a random
horizontal location along the Gaussian function, with
the diﬀerence in luminance between the ﬁrst and second
member of the dot pair determined by their horizontal
distance from each other relative to the randomly cho-
sen starting location. This ensured the same average
motion energy irrespective of the number of ‘non-
envelope’ coherently moving dots present in the display.
In both experiments, when any moving dot attempted
to cross the boundary of its rectangular aperture it was
removed and replaced in a new random location. A
static depiction of the creation of a typical stimulus is
provided in Fig. 1.
Experiments were also conducted to measure the
detectability of global motion for each envelope-plus-
coherently moving combination. Stimulus dimensions
were identical to the experiments on perceived position
with the exception that the luminance of all dots was
selected randomly from the Gaussian distribution in the
manner described earlier in this section (i.e., no dots
‘carried’ the luminance envelope).
2.3.2. Envelope dots and coherently moving dots spatially
separated (Experiment 3)
A ﬁxed number (30) of envelope dots of 2:5 2:5 min
occupied a central circular aperture deﬁned by lumi-
nance modulation of the dots according to the following
formula: 0:5þ 0:5 expðr8=ð2r8ÞÞ, where r is the dis-
tance from the centre of the aperture, and r ¼ 16:6 min
(with quasi-sharp borders determined by use of an ex-
ponent of 8). The direction of motion of each of these
dots was chosen randomly for each frame from a 360
distribution (note, as the dots moved their luminance
was updated in accordance with their new distance from
the centre of the aperture, as deﬁned by the formula
given above). A variable number of coherently moving
dots (also 2:5 2:5 min) occupied each of two circular
apertures deﬁned by luminance modulation of the dots
(according to the same formula), with the apertures
displaced laterally by 	0.79 to the left and right of the
central (envelope) aperture. In each trial the direction of
motion of these dots was chosen randomly to be either
0 (right) or 180 (left). Note that envelope dots and
coherently moving dots possessed identical luminance
(i.e., ‘envelope’) characteristics; they were distinguished
only spatially, that is, on the basis of whether they oc-
cupied the central (with randomly moving envelope
dots) or lateral (with coherently moving dots) apertures.
Preliminary observations indicated very weak motion
interactions between envelope dots and coherently
moving dots. To enhance eﬀects the lifetime of dots was
made equal to the total number of motion frames (20)
employed. This process eﬀectively doubled the number
of dots undergoing motion in each frame relative to
Fig. 1. Example of the construction of a stimulus consisting of 20% coherently moving dots combined with 80% static or randomly moving envelope
dots. Two versions are shown: on the left the luminance of the coherently moving dots is correlated with the luminance envelope (as in Experiment 1);
on the right the luminance of the coherently moving dots is uncorrelated with the luminance envelope (as in Experiment 2).
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Experiments 1 and 2. In each trial the envelope dots
were divided into ﬁve equal groups, with the dots in each
group made to change their direction once every ﬁve
frames (the new direction of each of these dots was al-
ways chosen randomly from a 360 distribution). That
is, one group of the dots changed direction on frames n,
nþ 5, nþ 10, . . ., another group on frames nþ 1, nþ 6,
nþ 11, . . ., etc.
2.3.3. Envelope dots and coherently moving dots high-pass
ﬁltered
These stimuli were constructed in the manner as de-
scribed in Section 2.3.1 except that (i) the dots were
8:7 8:7 min at the 1 m viewing distance employed (the
apertures were 3:7 1:3 horizontal rectangles), (ii) in
each block 56 envelope dots were combined with one of
either 10, 15, 25, or 40 coherently moving dots, (iii) the
lifetime of individual dots was equal to the total number
of motion frames (i.e., 20 rather than 2), (iv) rather than
employing a Gaussian function to deﬁne the luminance
of envelope dots as a function of their horizontal posi-
tion a cosine Gabor function was employed: LðxÞ ¼
0:5 expðx2=½2r2Þ cosð2pxf Þ þ 0:5, where r ¼ 37:4 min
and f ¼ 0:48 cpd, and (v) the coherently moving dots
(these did not form part of the envelope) were set at
constant luminance of LðxÞ ¼ 0:6.
Most signiﬁcantly, each motion frame containing
envelope and coherently moving dots was ﬁltered using
a high-pass ﬁlter (created in frequency space) with a
cutoﬀ at 9.62 cpd and a Butterworth response proﬁle
ðafter the method of Smith, Snowden, and Milne
(1994)Þ. As a result the dot stimuli were of high-spatial-
frequency and the luminance envelope described in
Section 2.3.1 was actually a contrast envelope scaled to
100% Michelson.
2.4. Procedure
Each trial consisted of 20 frames displaying a com-
bination of coherently moving dots and envelope dots
within three rectangular apertures. For the stimuli
composed of envelope dots superimposed on coherently
moving dots (Experiments 1 and 2), the percentage of
coherently moving dots in each block was either 5, 10,
20, or 40%. For the spatially separated stimuli (Experi-
ment 3) the number of envelope (i.e., central) dots was
kept constant (at 30) and the number of coherently
moving dots in each lateral aperture was either 3 (10% of
envelope dots), 15 (50% of envelope dots), or 30 (100%
of envelope dots). For the stimuli composed of envelope
and coherently moving dots that were high-pass ﬁltered
(Experiment 4), the percentage of coherently moving
dots in each block was either 11.1%, 15.8%, 23.8%, or
33.3% of the total.
In particular trials individual coherently moving dots
had their motion direction randomly selected from dis-
tributions either 0	 5 (left) or 180	 5 (right), while
individual envelope dots either had their motion direc-
tion randomly selected from 360 distributions or were
static in which case each envelope dot occupied the same
random location throughout the trial.
Irrespective of stimulus conﬁguration each trial re-
quired observers to use button presses of a computer
response box to report the perceived location (left versus
right) of the global, luminance-deﬁned envelope of the
central region. In the case of the superimposed-dot
conditions (Experiments 1, 2, and 4), alignment re-
sponses were made relative to the positions of envelopes
in the rectangular regions located above and below the
central region. In these conditions the overall horizontal
position of the three vertically separated envelopes was
randomly jittered in each trial by 	0.21 from the centre
of the apertures. In the case of the laterally separated
aperture conditions (Experiment 3), alignment responses
to the central (envelope) aperture were made relative to
four stationary and aligned black squares (1:1 1:1
min) displayed above, below, to the left, and to the right
of the centre of the display at a distance of 1:4 from the
centre. To discourage observers from simply bisecting
the lateral apertures containing coherently moving dots,
the horizontal position of the lateral apertures was jit-
tered in each trial 	0.83 along the horizontal axis.
In all experiments alignment settings were determined
according to an adaptive maximum-likelihood proce-
dure (the Best PEST; Pentland, 1980). Each block of 60
trials consisted of two independent, randomly inter-
leaved PEST staircases of 30 trials each where one
staircase contained central coherently moving dots
moving leftwards while the second staircase contained
central coherently moving dots moving rightwards. No
feedback was provided. Observers were practiced on
conditions until thresholds stabilised.
Additional blocks of trials were conducted to mea-
sure the detection threshold for global motion. In these
blocks the observers were required to indicate the per-
ceived left/right direction of 200 dots in a single rect-
angular aperture (the central aperture from Experiments
1 and 2) where a variable percentage were coherently
moving dots while the remainder were randomly moving
dots. The Best PEST procedure was used to estimate the
percentage of coherently moving dots required to
achieve 75% correct direction discrimination perfor-
mance.
In all experiments no ﬁxation point was provided to
observers as the central region of the display was always
occupied by a stimulus. However, observers were in-
structed to maintain ﬁxation on the approximate centre
of the central stimulus in all experiments. As pointed out
by an anonymous reviewer, using Gabor patches with
ﬁxed envelopes and moving sinewave carriers DeValois
and DeValois (1991) reported that eccentricity is posi-
tively related to the magnitude of motion-induced po-
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sitional shifts. It follows that the perceived envelope
misalignments obtained in our Experiments 1, 2, and 4,
might be due to a greater extent on positional shifts
occurring within the envelopes of the upper and lower
apertures (of greater eccentricity) of our stimuli relative
to the envelope of the central aperture (essentially fo-
veal). This would have the overall eﬀect of underesti-
mating our positional shifts. We did not, however, test
for eccentricity-dependent eﬀects in the present experi-
ments.
3. Results
3.1. Experiment 1: static versus moving envelope dots
superimposed on coherently moving dots
In Experiment 1 we superimposed envelope dots on
coherently moving dots and made the luminance of the
coherently moving dots correlate with the envelope dots
such that they too ‘carried’ the envelope. The envelope
dots were either static or made to move individually in
random directions.
The perceived location of the central luminance-
modulated envelope relative to those of the outer aper-
tures was deﬁned to be (lL  lRÞ=2, where lL (lR) is the
mean of the alignment settings when direction of motion
the coherently moving dots in the central aperture is left
or right, respectively. This removed any left/right re-
sponse biases. In Fig. 2 the alignment settings are plot-
ted as a function of the percentage of coherently moving
dots present, for both static and randomly moving en-
velope dot conditions. Inspection of the ﬁgure shows
that only small eﬀects on perceived location of envelopes
‘carried’ by static dots were obtained as the percentage
of coherently moving dots increased from 5% to 40%. In
these conditions observers reported perceiving two dis-
tinct surfaces: a stationary surface of dots deﬁning the
envelope, and a moving surfaced formed from the co-
herently moving dots. However, with randomly moving
envelope dots eﬀects of coherently moving dots on
perceived envelope location were obtained. These posi-
tional shifts were in the direction of coherent motion
and both observers reported that in such cases the en-
velope and coherently moving dots appeared to move as
a single surface.
3.2. Experiment 2: static versus moving envelope dots
superimposed on ‘non-envelope’ coherently moving dots
In Experiment 1 the coherently moving dots served
also to carry the luminance envelope. That is, the lu-
minance of coherently moving dots was determined ac-
cording to the same Gaussian distribution as the
envelope dots. Therefore, shifts in envelope position
could be attributed to motion of some proportion of the
dots forming the envelope. This is unlikely in part be-
cause eﬀects were obtained even with very few coher-
ently moving dots (10% for A.M., and 20% for N.P.),
and also because almost no eﬀects were obtained when
envelope dots were made static. Nevertheless, to test this
important alternative explanation we made the lumi-
nance of the coherently moving dots independent of the
luminance of the envelope dots.
We were concerned, however, that in this condition
the introduction of coherently moving dots that did not
‘carry’ the envelope would reduce the visibility of enve-
lopes. Therefore, to provide an appropriate control for
this condition we ran a second condition (a variant of
Experiment 1) in which, for every coherently moving dot
that was introduced an envelope dot, while retaining
its motion properties (i.e., random motion), had its
luminance uncorrelated with the envelope such that
it no longer ‘carried’ the envelope (its luminance was
selected from a random location within the Gaussian
distribution). This served to keep constant across
Fig. 2. Results of Experiment 1: the magnitude of positional shift of the central luminance envelope relative to the outer (i.e., vertically displaced)
luminance envelopes as a function of the percentage of coherently moving dots. Coherently moving dots in this experiment also ‘carried’ the lu-
minance envelope. Positive values indicate positional shifts in the direction of coherent motion. The data were obtained with static and randomly
moving envelope dots. 	1 SE bars are included for comparison.
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conditions the total number and proportion of dots that
carried the envelope.
The results shown in Fig. 3 demonstrate that a small
proportion of coherently moving dots can shift the
perceived location of luminance envelopes even when
they do not form part of the envelope. However, the
ﬁgure also shows that this eﬀect is not as large as was
obtained when coherently moving dots did form part of
the envelope (cf. Experiment 1). It is reasonable to
suppose that the greater eﬀect size in Experiment 1 was
due to actual motion of components of the envelope.
As with Experiment 1 observers reported that enve-
lope and coherently moving dots appeared to move as a
single surface (in the direction of coherent motion). To
conﬁrm this observation we conducted an experiment to
estimate the percentage of coherently moving dots re-
quired to discriminate the direction of global motion at
75% correct. For observers A.M., N.P., N.W., and D.V.
this was 22.2% (	1.08), 23:4% ð	0:88Þ, 25.43% (1.46),
and 26:25% ð	1:56Þ, respectively. 2 For observer K.N.,
who participated only in Experiment 4, this value was
20:29% ð	1:06Þ.
3.3. Experiment 3: positional shifts are not due to
‘scrambling’ of motion signals
In this experiment we considered the possibility that
the motion integration evident in the above results is due
to the visual system incorrectly attributing the motion
signals associated with coherently moving dots to en-
velope dots. This motion ‘scrambling’ explanation pro-
poses that some degree of neural noise is associated with
combining luminance and motion information. We tes-
ted this explanation by spatially segregating coherently
moving dots and randomly moving envelope dots. To
do this we placed the envelope dots in a central circular
(rather than rectangular) aperture and placed the co-
herently moving dots in two circular apertures displaced
laterally by 	0.79. The intention was to eliminate the
opportunity for motion scrambling.
The results shown in Fig. 4 reveal that the central
apertures containing randomly moving dots were posi-
tionally shifted in the direction of coherent motion dis-
played in the lateral apertures. As found in the previous
experiments, the magnitude of the positional shifts
generally increased with increasing number of coher-
ently moving dots present. To explain the present results
on the basis of motion scrambling one would need to
propose that the scrambling involved occurs over dis-
tances that are on average 19 times greater than the size
of the dots in question. The results thus argue against
such an explanation.
Fig. 3. Results of Experiment 2: The magnitude of positional shift of the central luminance envelope relative to the outer luminance envelopes as a
function of the percentage of coherently moving dots. Positive values indicate positional shifts in the direction of coherently moving dot motion. The
data were obtained with coherently moving dots whose luminance was uncorrelated with the envelope dots versus an equi-visible control (see text for
details). 	1 SE bars are included for comparison.
2 Note, these percentages do not take into account the fact that in
our one-step motion displays only half of the coherently moving dots
in a given frame actually undergo motion; the other half appear in a
new start location and will then move in the next frame. To take this
fact into account, the percentages reported should be halved.
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It is important to note that the overall magnitude of
the positional shifts were greatly reduced relative to
those obtained in the previous experiments. Presumably,
this reﬂects the fact that in these previous experiments
coherently moving dots and envelope dots occupied the
same region of space, thereby facilitating processes of
motion integration. In addition, the present experiment
required alignment of envelope dots of the central ap-
erture with four stationary reference squares, whereas
the previous experiments required alignment with en-
velope dots of apertures above and below the central
aperture. The coherently moving dots in the vertically
displaced apertures were in the opposite direction to
those of the central aperture thereby doubling estimates
of eﬀect size relative to the present experiment.
3.4. Experiment 4: positional shifts are not due to motion
detection at a coarse spatial scale.
Global motion percepts are thought to occur as the
result of a two-stage process in which local motions are
ﬁrst extracted and then integrated spatially (Williams &
Phillips, 1987; Williams & Sekuler, 1984; Smith & Cur-
ran, 2000). We propose that it is processes of this sort
that underlie the results of our experiments. The idea is
that random motions of envelope dots are integrated
with motion of coherent dots into a global, unambigu-
ous, and unidirectional motion signal that aﬀects the
position of the dots as a whole. As is considered in more
detail in the discussion, if this explanation holds it would
suggest that positional distortions resulting from motion
occur at least as high in the visual system as the com-
putation of global motion.
However, it is also possible that our results are simply
due to summation of motion signals associated with
both envelope and coherently moving dots within the
large receptive ﬁelds of low-spatial-frequency motion-
sensitive mechanisms. Just such an explanation of global
motion was discounted by Smith et al. (1994) who
showed that global motion percepts were robust to high-
pass ﬁltering that eliminated low-spatial-frequency (i.e.,
coarse) information.
To decide between the two explanations of our po-
sitional shifts, we applied Smith et al.’s method to our
stimuli. Aside from the ﬁltering of stimuli, the experi-
ment was essentially a replication of experiment 2: that
is, with the randomly moving envelope dots superim-
posed on coherently moving dots that do not ‘carry’ the
envelope. One of the previous observers (N.W.) was
unable to discern the high frequency, contrast-deﬁned
envelopes of the upper and lower apertures and could
thus not perform the envelope alignment task. This
observer was replaced with observer K.N. who ﬁrst re-
ceived substantial training on the alignment task using
these ﬁltered stimuli. 3
The results shown in Fig. 5 clearly demonstrate eﬀects
on envelope position that are related to the direction
Fig. 4. Results of Experiment 3: the magnitude of positional shift of
the central luminance aperture containing randomly moving envelope
dots as a function of the percent of coherently moving dots in two
laterally displaced apertures (relative to the central aperture). Positive
values indicate positional shifts in the direction of coherently moving
dot motion. 	1 SE bars are included for comparison.
3 K.N. also participated in the global motion discrimination task
described in Experiment 2. Her threshold on this task was comparable
to the other observers ð20:29%	 1:06Þ.
Fig. 5. Results of Experiment 4: the magnitude of positional shift of
the central luminance envelope relative to the outer luminance enve-
lopes as a function of the percentage of coherently moving dots.
Positive values indicate positional shifts in the direction of coherently
moving dot motion. The data were obtained with coherently moving
dots whose luminance was uncorrelated with the envelope dots (i.e., as
in Experiment 2), and with all stimuli high-pass ﬁltered with a cutoﬀ at
9.62 cpd. 	1 SE bars are included for comparison.
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and number of coherently moving dots present. This
eﬀect cannot be explained on the basis of motion-sen-
sitive mechanisms that operate over a coarse spatial
scale. These results are, however, consistent with the
operation of global motion processes.
4. Discussion
The observation that moving objects appear to be
shifted along their trajectories has been taken as evi-
dence of processes that compensate for the temporal
distortions introduced by the visual system. A common
assumption is that these processes are limited to coher-
ent motion from which accurate trajectories can be
computed, and thus are not applicable to motion that is
unpredictable, for example, with stimuli that appear
brieﬂy and/or move in random directions. Our results
call into question this assumption in that luminance
envelopes formed from randomly moving dots were
shown to undergo positional shifts even when the co-
herent motion present in the displays did not form part
of the envelopes. This eﬀect coincided with the degree to
which the randomly moving envelope dots were per-
ceived to coalesce with coherently moving dots (an ob-
servation consistent with global motion thresholds),
suggesting that the underlying factor is the integration
of envelope dots and coherently moving dots. The cri-
tical ﬁndings in support of this proposition were that
positional shifts (as well as the subjective appearance of
global motion) occurred even when the dot stimuli were
high-pass ﬁltered, and even when randomly moving
envelope dots were spatially separated from coherently
moving dots.
Recently, Whitney et al. (2000) conducted a series of
‘ﬂash-lag’ type experiments to evaluate some of the main
models of temporal compensation listed in the intro-
duction. To test the spatial extrapolation hypothesis
they introduced sudden unpredictable changes to sti-
mulus velocity. They reported shifts in the perceived
location of the stimulus that were closer to actual rather
than extrapolated trajectories. Furthermore, they dis-
counted inhibition of persistence (deblurring) as an ex-
planation since masking the stimuli, which should have
disrupted this compensatory strategy, failed to do so.
However, a simple explanation based on shorter laten-
cies for processing coherently moving (rather than ﬂa-
shed, or otherwise unpredictable) stimuli was consistent
with their results. A similar conclusion was reached by
Purushothaman et al. (1998) who showed that positional
shifts were proportional to the diﬀerence in detectability
of the moving versus ﬂashed components as determined
by their relative luminance.
Such an explanation cannot be applied in a simple
manner to our results since, in our experiments, both
randomly moving envelope dots and coherently moving
‘non-envelope’ dots had identical local motion charac-
teristics such as speed, step size, and lifespan. Although
one could propose that a temporal processing advantage
is aﬀorded to coherently moving dots on the basis of
their relative uniformity of motion, this overlooks the
fact that all dots in Experiments 1 and 2 possessed sin-
gle-step (i.e., two-frame) lifetimes, thus raising the
question of how the visual system ‘knows’ in advance
which dots belong to the direction of coherent motion.
One possible answer is that the visual system simply
does not ‘know’; that calculations concerning the pre-
dictability of motion trajectories, and the consequences
of these calculations on processing latencies, are deter-
mined over several motion steps and then applied to all
dots undergoing motion even if their physical direction
of motion is not in the coherent direction. Such calcu-
lations could be implemented by visual processes in-
volved in global motion (e.g., by neurones of MT/V5).
The evidence for a role for global motion in position
judgements suggests a contribution to motion-position
eﬀects from integrative processes of the type typically
attributed to area MT/V5 (Newsome & Pare, 1988).
Although to our knowledge there has been no previous
research on the eﬀects of global motion on perceived
location, there has been ample research on its eﬀects on
perceived direction. In this respect, the interesting
properties of global motion are (i) the sensitivity of
underlying motion processes (only a small percent of
coherently moving dots is required to induce global
motion percepts from otherwise random noise) and (ii)
the breadth of directional integration involved (global
percepts can be produced with restricted directional
distributions up to about 250 (Williams & Sekuler,
1984)). These properties of sensitivity and breadth
would account for our ﬁnding that positional eﬀects
were produced with only a small percent of coherent
local motion (<20% or <10% if one considers that only
half the coherent dots in our experiments underwent
motion in any particular frame) on luminance envelopes
that were represented by the full 360 range of direc-
tions.
Two classes of motion phenomena other than global
motion might also be of relevance. These are distin-
guished on the basis of whether the perceived motion of
a target stimulus is in the opposite direction of the
motion of its background (‘induced’ motion; Post,
Shupert, & Leibowitz, 1984) or in the same direction as
the motion of its background (motion ‘capture’ or ‘as-
similation’; Ramachandran, 1986, 1987). Recent evi-
dence suggests that neurones with centre-surround,
direction-opponent receptive ﬁelds might explain both
of these eﬀects. Evidence for this comes from the ﬁnding
that motion induction of a stationary central stimulus
by surrounding stimulus motion turns into motion
capture as the size of the stimulus region is decreased
(Murakami & Shimojo, 1993, 1996). This is consistent
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with the proposition that with large stimulus conﬁgu-
rations motion stimulates the surround region of direc-
tion-opponent neurones whereas with smaller stimulus
conﬁgurations only the central region is stimulated.
Neurones with properties consistent with this explana-
tion have been identiﬁed in area MT (Allman, Miezin, &
McGuinness, 1985), an area implicated in global-motion
processing in general (Newsome & Pare, 1988). Since in
our Experiments 1, 2, and 4, envelope dots and coher-
ently moving dots were uniformly distributed over the
same area, our stimuli most closely resemble the mo-
tion capture conﬁgurations of Murakami and Shimojo
(1993), and in fact the positional shifts we obtained were
in the direction of global motion capture. This was true
even when coherently moving and envelope dots were
separated spatially (Experiment 3), and our eﬀects here
are consistent with the facilitative induction processes
described previously (Ido, Ohtani, & Ejima, 1997, 2000).
In summary, we provide evidence that motion-
induced shifts in perceived location are not limited to
objects undergoing coherent local motion, but also in-
clude objects with random local trajectories that are
integrated to form global motion percepts. Thus our
results suggest that the visual processes that relate mo-
tion information and information about relative posi-
tion do not operate solely at the level of features but also
involve a contribution from processes that take into
account the motion of surfaces.
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